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ABSTRACT
( )Gapless metal oxide surge arresters MOSA have been available in the market for
many years since they were first introduced in the 1970’s. The aim of this study is
to investigate some reliable diagnostic techniques to assess the condition of a metal
oxide surge arrester when subjected to severe lightning strikes in the field. A num-
ber of non-destructive and destructive diagnostic techniques for Metal Oxide Surge
( )Arrester MOSA are discussed in this paper. The non-destructive techniques in-
clude the standard 1 mA reference voltage, lightning impulse discharge residual
voltage and a number of modern diagnostics based on polarization methods: Re-
turn voltage and polarizationrdepolarization current measurements. In order to
observe, analyze and correctly explain the degradation phenomena, a number of
destructive techniques based on microstructure observation are also conducted. The
techniques include optical microscopy, scanning electron microscopy, X-Ray
diffraction and energy dispersive spectrometry. The single and multi-pulse cur-
rents of 8r20 s wave shape were used to artificially degrade the MOSA. The be-
fore and after diagnostic results of the non-destructive and destructive techniques
are presented and interpreted to understand the aging mechanism in MOSA. The
importance of modern non-destructive electrical diagnostics based on polarization
methods is validated by test results and is highlighted in detail in this paper. Fi-
nally the correlation of the results of different diagnostic techniques with each other
and with the results of standard techniques is discussed.
Index Terms — Metal oxide surge arrester, aging by lightning impulse cur-
rents, degradation mechanism, polarizationrdepolarization current, return volt-
age, optical microscopy, scanning electron microscopy, X-Ray diffraction, energy
dispersive spectrometry.
1 INTRODUCTION
Ž .HE gapless metal oxide surge arresters MOSAThave been available in the market for many years since
they were first introduced in the 1970’s. Its primary func-
tion is to protect the equipment in the system against vari-
ous electrical overstresses. The protection level of MOSA
was rapidly developed to meet the withstand require-
ments such as high-energy absorption capability, current
withstand level and voltage stress. However, these fast de-
velopments are not accompanied by the development of
better techniques to assess the condition of MOSA after
Manuscript recei®ed on 2 September 2003, in final form 6 May 2004.
being subjected to heavy stress from ac and lightning im-
pulse currents. It is known that current-voltage character-
istics of metal oxide varistors become degraded due to the
continuous application of ac or due to transients with cur-
rents larger than the varistors ratings. It is believed that
degradation mainly affects the pre-breakdown region of
w xthe I-V curve and results in increased leakage currents 1 .
To test for any such degradation manufacturers normally
apply single pulse 8r20 s lightning transients at the rated
current of the device. However, it is now known that most
lightning ground flashes consist of multiple return strokes.
A typical flash consists of four pulses within 1 s with time
w xintervals of about 40 ms between pulses 1 . Darveniza et
w xal. 2 investigated the effects of multiple pulse lightning
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currents on metal oxide surge arresters and showed that
the damage caused is not normally evident with standard
lightning current tests. Many existing standards
Ž . w xAustralian Standard, IEC, ANSI, etc 35 in general
only provide the criteria for passrfail condition of MOSA
by using before and after diagnostic results from the light-
ning current impulse applications without knowing their
degree of degradation.
Many investigations of field aged cables and transform-
ers have reported meaningful interpretations of the condi-
tion of the insulation by using new diagnostic techniques.
Return voltage measurement and polarizationrdepolari-
zation current measurement have been increasingly used.
ŽSince a MOSA is an insulator at normal conditions below
.its rated voltage , the effect of polarization and depolar-
ization of its dipole within the insulation can be moni-
tored by any of these polarization based diagnostics. Mon-
itoring the condition of a MOSA can be better under-
stood by observing and analyzing the degradation phe-
nomena in micrometer or sub-micrometer scale. Destruc-
tive diagnostic techniques based on microstructure obser-
vation, such as optical microscopy, scanning electron mi-
croscopy, X-Ray diffraction, and energy dispersive spec-
trometry are powerful techniques to observe and charac-
terize solid objects on a small scale.
A number of distribution class MOSA was first artifi-
cially degraded by single and multi-pulse lightning im-
pulse currents of 8r20 s wave shape with higher magni-
tude than the ratings of the arrester. In this paper, a num-
ber of non-destructive and destructive diagnostic tech-
niques are discussed and their relevant test procedures
including specimen preparation for damage assessment are
presented. The findings from these systematic experi-
ments with the purpose to assess the condition of the ar-
resters after such severe degradations are described in this
paper. The results from the non-destructive and destruc-
tive techniques are compared and discussed in detail. Fi-
nally, this paper presents the interpretation of different
diagnostic results and their correlation to a number of ex-
isting diagnostic methods to better explain the degrada-
tion mechanism of a metal oxide surge arrester.
2 THEORY
2.1 NON-DESTRUCTIVE TECHNIQUES
2.1.1 1 MA REFERENCE VOLTAGE
MEASUREMENT
The level of degradation can be determined by mea-
suring the complete I-V characteristics or at least one IV
check point conveniently near the nominal voltage of the
varistor. In this investigation the latter technique is used
to study the effect of application of current pulses on a
MOSA. The ac reference voltage is measured, which is
the voltage required to pass the 1 mA leakage current
through the arrester. This reference current value refers
Žto the peak of the resistive current component the higher
peak of the two polarities if the current is not symmetri-
.cal . This measurement is performed at an ambient tem-
w xperature of 2510C 3 .
Diagnostic tests for an arrester which are performed
before the application of a lightning impulse current are
known as ‘‘before diagnostics’’. The repeated diagnostic
or the so called ‘‘after diagnostic’’ is performed following
the degradation process by the application of a number of
lightning impulse currents and is used for comparison with
the ‘‘before diagnostic’’ result. Australian Standard AS
1307.2 recommends that the change of ac reference volt-
w xage should not be more than 5% for a good MOSA 3 .
This simply describes a goodrpass condition of an ar-
rester.
2.1.2 DISCHARGE RESIDUAL VOLTAGE
MEASUREMENT
The second method to assess the passrfail condition is
to measure the discharge residual voltage at nominal rated
discharge current. This measurement is performed to ob-
tain the maximum residual voltage for a given design for
all specified currents and wave shapes. In AS.1307.2, a
8r20 s current impulse is used with limits on the adjust-
ment of equipment such that the measured values are from
7 to 9 s for the virtual front time and from 18 to 22 s
w xfor the time to half value on the tail 6 . However, the
time to half is not critical and may have any tolerance
w xduring a residual type test 3 .
Three current impulses are applied to each arrester
sample with peak current values of approximately 0.8, 1.0
and 1.2 times the nominal rated discharge current of the
arrester. A sufficient time interval between the discharges
is maintained to permit the sample to return to approxi-
mately ambient temperature. The criteria specified by AS.
1307.2 for assessing the condition of an arrester include
no physical damage to arrester to be seen and the change
not greater than  5 % of residual voltage between the
before and after diagnostic tests.
2.1.3 POLARIZATION/DEPOLARIZATION
CURRENT MEASUREMENT
This method is to quantify the dielectric response of the
insulating materials by allowing observation of the polar-
ization development in time when a step voltage is ap-
plied. When a step voltage of magnitude U is applied to0
an initially uncharged dielectric, the polarization current
Ž .flowing through it is given by 1 . The process is summa-
rized in Figure 1.

i t sC U q f t 1Ž . Ž . Ž .p 0 0 0
Where  is the dc conductivity,  is the permittivity of0
Ž .vacuum, f t is the response function and C is the geo-0
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Figure 1. Waveform of polarization and depolarization currents.
Žmetric capacitance measured capacitance divided by rela-
.tive permittivity of the dielectric material. Once the step
voltage is replaced by a short circuit, a depolarization cur-
rent is built up. The depolarization current is expressed
as:
i t syC U f t y f tq t 2Ž . Ž . Ž .Ž .d 0 0 p
w xIt has been shown 7 that, for an oilrcellulose insula-
tion system of a transformer the ‘dielectric response func-
tion’ can be expressed in parametric form as:
A
f t s 3Ž . Ž .n m
t t
qž / ž /t t0 0
with A, t 0, mn0 and m1.0
Ž .However, we found that the response function f t for
the MOSA can be expressed in a general expression fol-
lowing the universal relaxation law, which is also found in
w xmany other experimental observations 8 .
f t smtyn 4Ž . Ž .
Ž .In order to estimate the dielectric response function f t
from a depolarization current measurement it is assumed
that the dielectric response function is a continuously de-
creasing function in time, then if the polarization period is
Ž .sufficiently long, so that f t q t (0, the dielectric re-p
Ž .sponse function f t is proportional to the depolarization
Ž .current. Thus from 2 , the dielectric response function
Ž .f t can be approximated as
y i tŽ .d
f t f 5Ž . Ž .
C U0 0
From the measurements of polarization and depolariza-
tion currents, it is possible to estimate the dc conductivity
 of the test object. If the test object is charged for a
Ž . Ž . Ž .sufficiently long time so that f t q t (0, 1 and 2 canp
be combined to express the dc conductivity of the dielec-
tric as
0
f i t y i t 6Ž . Ž . Ž .Ž .p dC U0 0
Figure 2. The Return Voltage phenomena.
2.1.4 RETURN VOLTAGE MEASUREMENT
Ž .Return voltage RV measurement is now increasingly
used in the diagnosis of insulating materials for cables and
transformers. Since a metal oxide surge arrester is an in-
Ž .sulator at normal conditions below its rated voltage , the
effect of return voltage can also be monitored for a MOSA.
The return voltage is based on the polarization and subse-
quent depolarization of dipoles within the insulating ma-
terial as well as on the charging and discharging of grain
w xboundaries and space charge effect 9, 10 .
The return voltage measurement comprises three steps.
Figure 2 shows the typical steps of return voltage.
Ž .1. Charge the test object for a pre-selected time tc
Ž .with a DC voltage U , which is much lower than the ratedc
voltage.
2. Discharge the test object for a short period of time
Ž 1 .normally half of the charging time, t s r t .d 2 c
3. Measure the open circuit voltage built up across the
Ž .object U . This is the return voltage.r
There are three important parameters obtained from
RV measurements that may characterize the condition of
w xinsulation 1114 . They are maximum return voltage
Ž . ŽU , time to reach maximum return voltage centralrmax
Ž .. Žtime constant CTC and the initial slope slope of return
.voltage curve for the first few seconds S .r
The polarization processes which were not totally re-
laxed during the grounding period will relax and give rise
to a return voltage across the electrodes of the insulation.
The return voltage U can be expressed with the followingr
equations.
dU t dŽ . tr
i t sU t q  q ty U  dŽ . Ž . Ž . Ž .Hr r 0 r 0 rdt dt t2
7Ž .
Ž .for t  t and U ts t s02 r 2
Ž .With the current i t being zero during the voltage mea-r
Ž . Ž .surement open circuit , 7 can be re-written as
dU t dŽ . tr
U t q  q f ty U  ds0 8Ž . Ž . Ž . Ž .Hr 0 r 0 rdt dt t2
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[ ]2.2 DESTRUCTIVE TECHNIQUES 13, 14
2.2.1 OPTICAL MICROSCOPY
This is a standard technique in observing the mi-
crostructure of solid materials. The materials were sec-
tioned perpendicularly using a low speed diamond saw and
subsequently mounted for grinding and polishing. The
specimens were then ground on silicon carbide paper. It
was necessary to polish, as a large amount of pullout oc-
curred during sectioning and grinding.
After experimenting with various polishing techniques,
it was found that the best results could be obtained by
first using a stone Petridisc. This appears to minimise the
amount of pullout while still removing sufficient quanti-
ties of material. The specimens were then polished using
a Texmet wheel and diamond paste, finishing with 1 m
diamond paste. It was found that use of 0.25 m alu-
mina, while reducing the size of the final scratches, re-
sulted in contamination of the surface. The specimens
were then examined in the unetched state and then lightly
Ž .etched using 10 M of NaOH. This etchant preferentially
attacks the ZnO. The specimens were then examined un-
der optical microscope.
2.2.2 SCANNING ELECTRON MICROSCOPY
Ž .The scanning electron microscopy SEM is a powerful
technique, which permits the observation and characteri-
zation of heterogeneous organic and inorganic materials
and surfaces on micrometer or sub-micrometer scale. The
area to be examined is irradiated with a finely focused
beam impinging on the specimen’s surface. The signals
picked up on the probe include secondary electrons,
backscattered electrons, Auger electrons, characteristic
x-rays and photons of various energies. They relate to spe-
cific emission volumes within the sample and can be used
Žto examine many characteristics of the sample composi-
. w xtion, surface topography and crystallography 15, 16 .
In the SEM, the signals of greatest interest are the sec-
ondary and backscattered electrons, since these vary ac-
cording to differences in surface topography as the elec-
tron beams sweep across the specimens. The secondary
electron emission is confined to a volume near the beam’s
impact area, permitting images to be obtained at relatively
high resolution. This allows for the examination and anal-
Žysis of solid specimens in the order of 2 to 5nm 20  50
˚.A , which cannot be obtained on an optical microscope.
2.2.3 X-RAY DIFFRACTION
Ž .X-ray diffraction XRD is commonly used to investi-
gate the structure of matter at the molecular level. The
most common application is to identify unknown sub-
stances. The reference XRD patterns are recorded from a
range of specimens and these are compared with the pat-
tern from the unidentified substance pattern. The sub-
stance is identified if its pattern coincides with that of the
reference pattern. The XRD analysis of the specimens is
performed by scattering in which the X-rays were scat-
w xtered by Cu atoms without any changes in wavelength 17 .
The specimens are analyzed over a diffraction angular
range of 5 to 90 at a scan rate of 1.5 minutesrdegree with
steps of 4. Quantitative analysis of diffraction data is
obtained using integrated peak areas.
2.2.4 ENERGY DISPERSIVE SPECTROMETRY
Ž .Energy dispersive spectrometry EDS is an attractive
tool for qualitative x-ray microanalysis. The fact that the
total spectrum of interest, from 0.1 keV to beam energy
Ž . Ž .e.g. 20 keV can be acquired in a short time 10100 s
allows for a rapid qualitative composition evaluation of
Ž .the specimens. At a high level energy beam 10  20 keV
Ž .the EDS detector has higher efficiency 95% thus the rel-
ative peak heights observed for the families of X-ray lines
are close to the values expected for the signal as it is emit-
ted from the specimens. This qualitative intensity can be
compared to the pre-selected and known elements to ob-
tain the intensity ratio. This ratio is then used to identify
w xthe composition of the specimens 15, 16 .
3 EXPERIMENTAL SET UP
Distribution class metal oxide surge arresters of 10 kA
ratings used for this study were commercial devices pro-
duced by one particular manufacturer. There were two
Ž .different types of arresters- i Double block type: D1, D2,
Ž .D3, D4 and ii Single block type: S1, S2, S3 and S4. Dou-
ble block arresters were made of two block varistors and
had a rated voltage of 12.5 kV. Single block arresters con-
sisted of only one block and had a rated voltage of 6.3 kV.
They were new arresters and had identical characteristics
in terms of reference voltage, residual voltage, return volt-
age and polarizationrdepolarization currents. The experi-
mental procedure is summarized as follows.
3.1 BEFORE DIAGNOSTICS
1. Reference voltages at 1 mA resistive ac current were
w xmeasured for all test samples 2 .
Ž2. Residual voltages were measured at rated current 10
.kA of 8r20 s wave shape. Figure 3 presents the residual
test set up.
Ž .3. Return Voltage Measurement RVM was performed
with the circuit diagram shown in Figure 4. During the
charging process switch 1 is closed and switches 2 and 3
are in the open position. The dc voltage source is con-
nected to the test object. During the time t s t thep
Ž . Ž .charging current i t as in equation 1 flows through thep
Ž .circuit. During the grounding discharging process switch
1 is open; switch 2 is closed while switch 3 remains open.
The voltage source is now isolated from the test material.
For the duration of the discharging time t s t the testd
object is short circuited and grounded. The depolarization
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Figure 3. Residual Voltage Test Set Up.
Figure 4. RVM Circuit Diagram.
Ž . Ž .current i t as in 2 will flow. The ratio between t rtdepol p d
is normally 2. The short circuit is then removed and the
voltmeter measures the remaining voltage in the insula-
tion. This is the so called ‘‘return voltage’’.This is done by
keeping switches 1 and 2 open and closing switch 3. Re-
Ž .turn voltage measurement RVM was performed on all
MOSAs with 1000 V , 200 s charging time and 100 s dis-dc
charging time. Automated computer controlled equip-
ment developed at the University of Queensland was used
for this measurement.
4. Polarization and depolarization currents measure-
ment circuit diagram is shown in Figure 5. The basic cir-
cuit arrangement for the measurement of PDC of insula-
tion consists of a high voltage source for charging the in-
Žsulation and a sensitive current measuring device Elec-
.trometer . It is recommended to use the ‘two active elec-
Figure 5. PDC Measurement.
trodes’ technique for the measurement. According to this
technique, the insulation to be analyzed is connected be-
tween two electrodes. One of the electrodes is marked as
the ‘excitation electrode’ and the test voltage is applied to
it referenced to ground while the current is measured
along a line connected between the second ‘sensing elec-
trode’ and ground. With such a ‘two active electrode’ ar-
rangement, effects of stray capacitances of the insulation
to ground and also of cable capacitances can be reduced
to a minimum. Polarization and depolarization currents
were measured with 1000 V and time for both sequencesdc
was 104 s.
5. Two terminals of the arresters were short circuited to
ground for at least 24 h before the measurement of steps
3 and 4 were performed. This was done to eliminate the
Žprevious polarization effects commonly known as mem-
.ory effect , which normally affect the accuracy and repro-
ducibility of the measurement.
Ž6. Initial destructive diagnostics steps are discussed in
.later part .
3.2 ARTIFICIAL DEGRADATION
PROCESSES
MOSAs were systematically degraded as follows:
Ž .a Arresters D1, D2, S1 and S2 were subjected to 15
single pulse 8r20 s lightning impulse current wave-
shapes at 2 p.u, 4 p.u., 2 p.u. and 4 p.u. with intervals of 1
minute plus time to charge the system respectively.
Ž .b Arresters D3 and S3 were subjected to 5 groups of
multi-pulse currents at 1 p.u. while D4 and S4 were sub-
jected to multi-pulse currents at 1.5 p.u. with small time
intervals required to charge the system. The multi-pulse
Ž .current test consisted of quintuple 5 8r20 s lightning
current impulses with a time difference of 20-40 ms be-
w xtween each pulse 2, 18 .
3.3 AFTER DIAGNOSTICS
Steps 1, 2, 3 and 4 were repeated for after diagnostic
measurements.
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3.4 DESTRUCTIVE DIAGNOSTICS
Ž .1. A section of each sample varistors was prepared for
the micro-level observation:
a. MO varistors were first sectioned perpendicular to
the contacts using a diamond saw, and subsequently
mounted for grinding and polishing.
b. MO varistors were polished with 1 m diamond
paste.
c. MO varistors were then preferentially etched using
10M NaOH solution.
2. The Optical Microscopy of prepared MO varistors
was performed.
3. Prepared MO varistors were analyzed using XRD.
4. The samples were then prepared for the SEM and
EDS as follows:
a. Repeat step 1b and 1c,
b. Coat the specimen with carbon. This is to produce
thin conductive films for electron microscopy. In this pro-
cess, an energetic carbon ion is ejected under influence of
applied voltage to the surface of a target from all angles.
c. Mount the carbon coated specimens to special stubs
for SEM and EDS observations.
5. Carbon coated samples were then analyzed under the
scanning electron probe and energy dispersive detector.
4 TEST RESULTS
The results from 1 mA reference voltage and discharge
residual voltage measurements on the MOSA are pre-
sented in Tables 1 and 2, respectively. The changes in 1
Table 11. 1 mA reference voltage.
1 mA ac reference voltage
Before After
Ž .MOSA qve and yve qve and yve Changes %
D1 13.1 and 13.3 13.4 and 13.7 2.3 and 3.1
D2 13.1 and 13.2 13.2 and 13.5 0.8 and 2.3
D3 13.1 and 13.2 13.8 and 14.1 5.3 and 6.8
D4 13.3 and 13.5 13.6 & 13.9 2.3 and 3.0
S1 6.7 and 6.9 7.0 and 7.1 4.3 and 2.9
S2 6.6 and 6.6 6.5 and 6.8 y1.5 and 3.0
S3 6.7 and 6.8 6.8 and 6.9 1.5 and 1.5
S4 6.8 and 6.9 7.0 and 7.1 3.0 and 2.9
Table 2. Residual voltage.
Residual Voltage
Ž .kV Changes
Ž .MOSA Before After %
D1 34.7 33.0 y4.9
D2 34.6 33.0 y4.6
D3 35.6 33.6 y5.6
D4 35.4 34.3 y3.1
S1 18.1 17.8 y1.7
S2 18.1 17.7 y2.2
S3 18.0 17.8 y1.1
S4 18.1 17.8 y1.7
Table 3. Return voltage results.
Ž .a Return Voltage maximum value results.
Return Voltage
Ž .V Changes
Ž .MOSA Before After %
D1 28.8 16.2 y43.8
D2 28.8 20.3 y29.5
D3 30.5 11.8 y61.3
D4 30.3 23.1 y23.8
S1 28.7 26.0 y9.4
S2 27.9 25.3 y9.3
S3 29.5 25.1 y14.9
S4 27.9 27.1 y2.9
Ž .B Central time constant results.
Central time
Ž .constant s Changes
Ž .MOSA Before After %
D1 136.2 84.1 y38.9
D2 123.7 118.2 y4.4
D3 179.7 48.9 y72.8
D4 179.7 123.9 y31.1
S1 152.9 95.2 y37.7
S2 196.4 105.4 y46.3
S3 158.3 106.4 y32.8
S4 144.7 118.4 y18.2
Table 4. Polarizationr depolarization results.
Ž .dc Conductivity 
y1 2Ž . 10 Srm Changes
Ž .MOSA Before After %
D1 1.70 1.94 14.1
D2 1.71 1.98 15.8
D3 1.74 2.48 42.5
D4 1.99 1.96 y1.5
S1 3.24 3.45 6.5
S2 3.51 3.82 8.8
S3 3.41 3.46 1.7
S4 3.37 3.46 2.7
mA reference voltage and residual voltage were within the
allowable 5% except for arrester D3. Arrester D3 had
its residual voltage reduced by 5.6% and its 1mA refer-
ence voltage increased by more than 6 % of its original
value. The results indicate that arrester D3 failed the
standard test according to A.S.1307.2, while the other ar-
resters passed.
Tables 3 and 4 present the results of the return voltage
and polarizationrdepolarization current measurements,
respectively. The average values of maximum return volt-
age and central-time constants are calculated for all simi-
lar arresters before degradation and are used as reference
for comparison.
Ž .Table 3 a and b shows clearly that both the return
voltage and the central-time constant for all arresters de-
creased after various current impulses. Arrester D3
showed the most significant change. It had its return volt-
age reduced to 39% of its original value and reached the
peak voltage faster than its initial central-time constant.
Arrester D1 showed the second largest reduction in its
return voltage and central-time constant.
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Figure 6. Un pulsed and Pulsed Block D3 under Optical Micro-
scope.
Conductivities of each arrester were calculated using
Ž .equation 6 and are presented in Table 4. Table 4 shows
Žthat the conductivities for all arresters increased 1.7 % to
.42.5 % after the application of various current pulses ex-
cept for arrester D4, which slightly increased. Arrester D3
again had the most significant increase in its conductivity.
It increased from 1.74  10y12 to 2.48  10y12 Srm,
which was about 42.5% higher compared to its original
value. This increase in the dc conductivity suggests that
the insulation resistance of the material is reduced.
The physical effects of the impulse current tests on the
MO blocks are now presented. Using optical microscopy
and scanning electron microscopy, it was found that the
grain size appeared to be smaller in the pulsed specimens.
The average grain size reduced from 26 to 12 m in ar-
rester block D3. A typical comparison is shown in Figure
Ž6. The SEM study on arrester block D3 as shown in Fig-
.ure 7 confirmed that the average grain size was reduced.
It was also observed that pulsed block D3 had a large con-
centration of bright spots compared to a new block.
A comparison of XRD and EDS patterns of new varis-
tor blocks and pulsed varistor D3 was used in an attempt
to examine the phase presence and intensity ratio of this
grain. Figure 8, Tables 5 and 6 show this comparison.
Figure 7. SEM on Pulsed Block D3.
Figure 8. X-Ray Diffraction on New Block and Pulsed Block D3.
Figure 8 shows that the relative intensities of the
diffractions were almost identical; no significant changes
in terms of composition and peak value were observed.
However, there is an indication that the peak position had
shifted. It suggests that the lattice parameters experienced
Ž .some changes. In EDS observations Tables 5 and 6 , large
concentrations of bismuth and small zinc elements were
found on small areas of pulsed varistors compared to un-
degraded areas. These phenomena were most probably
due to the non-uniform conduction in the blocks, creating
hot spots and leading to localized degradation of the ma-
terial.
5 DISCUSSIONS
Changes in 1 mA reference and discharge residual volt-
ages were all within the allowable 5% except for ar-
rester D3. The results indicate that all arresters except
w xD3 passed the A.S.1307.2 diagnostic test 3 even after the
application of severe lightning impulse currents. However,
there were some anomalies in the results. It was found
that the 1 mA reference voltages for all arresters in-
creased after being subjected to current pulses. These do
not make any sense; the degraded arrester should require
less voltage to force 1 mA through the arrester.
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The return voltage results indicate clearly that the insu-
lation condition of the MOSA changed. The reduction of
their return voltages and central-time constants may ex-
plain the MOSA characteristics after the application of
w xcurrent pulses 9 . Arrester D3 had the biggest reduction
in both return voltage and central-time constant. Its re-
turn voltage decreased more than 61 % of its initial value
and reached the peak voltage in a much shorter time com-
pared to its original. Less time to reach its peak return
w xvoltage suggests that its conductivity had increased 19, 20 .
The other arresters also followed the same decreasing
trend although with a lesser ratio.
The changes in conductivity shown in Table 4 implies
that the V-I characteristics of the MOSA have also
changed. The calculated conductivity for all arresters had
increased except for arrester D4. Arrester D3 had the most
Table 7. Comparison of different diagnostic test results.
% Change
1 mA Ref. Residual Return Conductivity
Ž .MOSA voltage voltage voltage CTC 
D1 2.3 and 3.1 y4.9 y43.8 y38.9 14.1
D2 0.8 and 2.3 y4.6 y29.5 y4.4 15.8
D3 5.3 and 6.8 y5.6 y61.3 y72.8 42.5
D4 2.3 and 3.0 y3.1 y23.8 y31.1 y1.5
S1 4.3 and 2.9 y1.7 y9.4 y37.7 6.5
S2 y1.5 and 3.0 y2.2 y9.3 y46.3 8.8
S3 1.5 and 1.5 y1.1 y14.9 y32.8 1.7
S4 3.0 and 2.9 y1.7 y2.9 y18.2 2.7
significant increase in its calculated conductivity. The in-
crease in the calculated conductivity suggests that the in-
sulation resistance of the material is reduced. The reduc-
tion of insulation resistance may affect the arresters abil-
ity to operate correctly when they are at normal condition
Ž .as insulators .
Table 7 compares the results from different diagnostics.
The new diagnostic test results indicate that arrester D3
was the most severely degraded after the artificial degra-
dation. This agrees with the existing diagnostic test results
which show that arrester D3 had failed after the applica-
tion of current pulses. These findings suggest a strong cor-
relation between the existing techniques and the relatively
new diagnostic techniques based on polarization methods.
Table 7 also suggests that the existing techniques- refer-
ence voltage and residual voltage are good tools to deter-
mine pass or fail condition of MOSA. However, they do
not provide sufficient information on the level of degrada-
tion of the MOSA. Unlike the existing techniques, the new
polarization test results show relatively large changes in
the ratio characteristics on MOSA after the application of
current pulses that could provide more information of the
MOSA insulation condition.
The reduction in average grain size of MO varistors only
Žoccurred in a small area of the varistors see Figures 4
.and 5 . This suggests that the reduction is mainly due to
the passage of high current which is high enough to create
localized hot spots leading to reduction of grain size. The
local temperature required for this process is thought to
be around 1000C. This would occur if the pulse energy
were concentrated in about 1.5% of the varistor volume,
which appears to be feasible when the microstructure is
examined.
The change in the relative intensities of the ZnO peaks
and the change in concentration ratios on the pulsed
varistor were observed in Figure 8, Table 5 and 6, and it is
possible that phase transformation could have occurred.
Several analyses of the pulsed specimens were carried out
and all gave different intensity ratios. It is therefore likely
that transformation exists in the pulsed samples.
The phase transformation could therefore be due to the
development of local ‘‘hot spots’’ when a current pulse is
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passed through the varistor. These high temperature re-
gions would be areas where the conductivity is higher i.e.
where large ZnO grains or some other inhomogeneity ex-
ists. The material in these hot spots forms plasma during
the current pulse, but rapidly cools afterwards due to heat
conduction to the surrounding zinc oxide grains. An
amorphous phase is thus formed.
This phase could affect the conductivity in two ways.
Firstly, if the phase has a low resistivity, then the overall
resistance of the ZnO varistor would be decreased in the
low voltage regions. This would lead to an increase in the
w xleakage current, a phenomenon observed previously 21 .
Alternatively, the amorphous material could provide a
path for rapid oxygen diffusion. This could lead to a re-
duction in the meta-stable component of the potential
w xbarrier proposed by Gupta and Carlson 22, 23 and hence
increase the leakage currents.
6 CONCLUSIONS
number of non-destructive and destructive diagnos-Atic techniques for assessing the condition of MOSA
have been discussed in this paper. The results indicate a
comparable degree of degradation for each of the differ-
ent techniques. The new polarization techniques have
shown an excellent correlation with a number of existing
techniques such as 1 mA reference voltage and discharge
residual voltage measurement. They have shown relatively
large changes in ratio characteristics on MOSA after the
application of current pulses which could provide more
information of the MOSA insulation condition.
The microstructure observations showed that degraded
varistors were found to have smaller average grain size,
changes in the diffraction peak position and different ele-
ment ratio compositions compared to new samples. A
possible explanation is the non-uniform temperature dis-
tribution in the material due to the development of local-
ized hot spots during the current impulse and the dissolv-
ing in some other phases.
The reduction in average grain size and change in the
lattice parameters could affect the electrical properties by
lowering the resistance and increasing capacitances of bulk
material at low voltages. Hence it changes the leakage
current. These findings suggest that the microstructure of
a varistor has a strong correlation with its electrical char-
acteristics. The reduction in its average grain size and
larger concentration of bright spots in particular after the
current pulses could significantly change the electrical
characteristics of a varistor by increasing its conductivity.
In conclusion, the modern non-destructive electrical di-
agnostics based on polarization methods such as return
voltage and polarizationrdepolarization current measure-
ment have shown good indications of the ageing level of
MOSA. The non-destructive diagnostics and the destruc-
tive diagnostic results obtained from this study have also
proven that there is a strong correlation between electri-
cal properties and microstructure characteristics of
MOSA. Although this study was conducted on distribu-
tion class arresters, the techniques could be applied to
substation class high voltage arresters. This will be per-
formed in a continuing research project and findings will
be reported in a future paper.
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